Amorphous fluorinated plastic can be produced with a refractive index similar to that of water, a condition that makes it essentially invisible when immersed in aqueous solutions. Because of this property, even a small amount of adsorbed molecules on the plastic-water interface provides a detectable optical signal. We investigated two distinct substrates made of this material, characterized by different interface area: a prism and a newly realized micro-porous membrane. We demonstrate that both substrates enable the label-free detection of molecular compounds in water even without any surface functionalization. The adsorption of molecules on the planar surface of the prism provides an increase of optical reflectivity, whereas the adsorption on the internal surface of the micro-porous membrane yields an increase of scattered light. Despite the different mechanisms, we found a similar optical response upon adsorption. We confirmed this result by a theoretical model accounting for both reflection and scattering. We investigated the spontaneous adsorption process for different kinds of molecules: surfactants with different charges, a protein (lysozyme) and a constituent of gasoline (hexane). The measured equilibrium and kinetic constants for adsorption differed by orders of magnitudes among the different classes of molecules. By suitable analytical models, accounting for the effects of mass limitation and transport, we found a simple and general scaling of the adsorption parameters with the molecular size.
Selective Adsorption on Fluorinated Plastic Enables the Optical Detection of Molecular Pollutants in Water

I. INTRODUCTION
The widespread availability of autonomous analytical devices enabling the real-time monitoring of a large number of sensible environmental parameters represents a futuristic scenario that is largely desirable but still far from practical realization. Over the past decades, a large effort has been devoted to the development of innovative molecular sensors and many promising technical solutions have been delivered [1] [2] . However, very few of these have been brought out of the laboratory and exploited in the realization of devices capable of sustaining the harsh conditions of environmental monitoring sites. The requirements for deployable autonomous systems include operational simplicity of the measurement, limited instrumental complexity, minimum cost of the device, high reusability and resistance to chemical, biological and physical stresses. These features are not easily combined in a single device that also must provide high detection performance. In the context of analytical laboratories, where the conditions are more favorable, colorimetric methods, infrared spectroscopy [3] , liquid chromatography and mass-spectroscopy [4] [5] are widely employed approaches to detect contaminants in liquids and solubilized media. However, the most common and widespread techniques to detect surfactants or oily compounds in water require the collection of suitable amounts of sample and preparation steps performed by highly specialized personnel in furnished laboratories [6] . Therefore, these techniques are typically expensive and time consuming. Innovative nano-structured materials [7] , novel electrochemical transducers [8] and engineered biomolecular probes [9] may also provide improved detection performance in the controlled lab conditions. Nevertheless, all these approaches have so far failed to match all the requirements for an inexpensive deployable system.
Recent works have shown how the peculiar optical properties of certain amorphous perfluorinated polymer materials can be exploited to realize sensitive label-free biosensors based on simple components and requiring minimum sample processing [10] [11] . In particular, amorphous copolymers of tetrafluoroethylene can be realized in order to present high transparency and a refractive index very close to that of water [12] . These materials become barely visible when immersed into an aqueous solution. Various surface treatments were developed to immobilize specific bio-receptors on their surface. This enabled to detect the binding of different bio-molecular targets through the increase of the light scattered by suspended nano-particles [13] [14] [15] or reflected by the surface of a prism [10] [16] . Despite the high performance for biomolecular detection, these systems presented a few drawbacks that limited their exploitation in autonomous deployable platforms for on-line monitoring applications, possibly to be performed in harsh environments. In particular, the suspension of nano-particles provides the advantage of a large sensing surface that facilitates the detection of small molecules in abundant sample volumes. However, the particles can form aggregates that complicate the analysis of the light scattering signal. Additionally, the suspension format is not suitable for a continuous use in fluidic circuits. In contrast, the planar reflective surface of the prism provides an ideal support for fluidic integration. However, in the previous studies, the surface immobilization of specific bio-molecular probes was required to provide the binding and therefore the detection. Consequently, the flexibility of measuring conditions, the reusability and the storage of the sensing substrates are generally limited by the necessity to preserve the full functionality of the bio-molecular recognition elements.
On the other hand, the index-matched perfluorinated substrates, when used as optical sensing materials, provide peculiar and interesting features, still largely unexplored: (i) Their surface in aqueous environment is at the same time hydrophobic and negatively charged, and induces the spontaneous adsorption of various molecular compounds; (ii) They exhibit a high resistance to chemical and biological stresses and, therefore, they can be easily cleaned and regenerated [17] [18] ; (iii) Substrates with different shapes and structures down to the micron-scale can be easily realized using conventional fabrication processes for plastic materials [19] . In principle, the spontaneous adsorption of different molecular compounds mentioned in (i) can be exploited to detect contaminants in aqueous solutions. However, the possible selectivity of the adsorption process onto index-matched perfluorinated plastics is largely undetermined. Previous studies on the electrokinetic properties of rod-like colloids made of crystalline polytetrafuoroethylene have addressed the characterization of surfactant adsorption to control the surface charge of the particles [20] [21] . More generally, the formation of an adsorbed molecular layer at the solid-liquid interface may represent a complex process, potentially involving various morphological rearrangements and different time-scales [22] [30] . Kinetics measurements are increasingly used to gain a deeper understanding of these phenomena [23] . Nevertheless, simple theoretical models suitable to predict the behavior of different classes of molecules are not yet available. In the case of surfactants, most studies have focused on the adsorption behavior at relatively high concentrations across the critical micelle concentration (CMC). In contrast, in order to design novel sensitive detection systems, suitable characterization and modeling of the adsorption process at the lowest detectable concentrations are required.
Here we present a new concept of optical detection systems based on perfluorinated materials iso-refractive with water. We realized a right angle prism suitable for reflection measurements and a micro-porous membrane for light scattering measurements. The presence of surfactants in solution yielded an increase of the intensity of light reflected by the prism or scattered by the membrane due to the adsorption on their surface. We characterized the adsorption process at equilibrium for both systems. Remarkably, a common optical model accounts for both the reflection from the prism and the light scattered from the membrane upon adsorption of molecules. Through this model, the optical signals were converted into the thickness of the molecular layer formed at the interface, which was found to be in agreement with the size of the molecules. We obtained a detailed description and characterization of the adsorption process for different molecules by means of the prism system. Surfactants with different net charge, hexane and the protein lysozyme spontaneously adsorbed providing different signals. Remarkably, both the equilibrium constants for adsorption and the kinetic parameters differed by order of magnitudes among the three classes of molecules. Overall, simple adsorption and transport models enabled to identify structural features related to the molecular size as important parameters affecting the adsorption process. These results indicate the possibility of different adsorption fingerprints enabling to discriminate among different molecular compounds in aqueous samples and, therefore, provide the basis for a new class of sensing materials, potentially suitable for on-line detection instruments with very low complexity.
The following sections are organized in this way: In Section II we introduce the prism and membrane sensing substrates and propose a common optical model accounting for their signal upon adsorption; In Section III we compare the response to different concentrations of surfactant for the two systems by a simple adsorption model; In Section IV we compare the adsorption at equilibrium for different classes of molecules on the prism sensor and discuss the observed dependence of the adsorption strength on the molecular size; In Section V the adsorption kinetics observed for the different molecules are interpreted considering diffusion and transport effects, which also scale with the molecular size. Section VI reports a summary of the main results.
II. OPTICAL SIGNAL FROM REFLECTANCE AND SCATTERING MEASUREMENTS
In this Section we describe two different sensing substrates index-matched with water: a prism and a newly realized micro-porous membrane. The adsorption of molecules at their interface yields an increase of reflected or scattered light intensity, respectively. For both systems, the signal increase is ascribed to the formation of a thin layer of different refractive index separating the solid and liquid media with similar refractive indices. We show that, in this index-matching condition and for a thickness h of the adsorbed layer much smaller the wavelength of light , the reflected or scattered intensity I is related to the amount of adsorbed molecules by simple optical models. More generally, other well-established techniques enable the characterization of the structure of a thin molecular layer on a planar surface by detailed modeling of the spectrum and polarization of the reflected light [31] [32] . In this work we exploit a different approach: we simply measure the increase of reflected or scattered intensity of monochromatic light upon formation of the layer. We describe the quantity of adsorbed molecules through an effective thickness h that represents the thickness of an ideal homogenous layer with fixed refractive index nl. For each compound, the value of nl corresponds to the refractive index of a compact molecular layer and the extracted thickness h is proportional to the amount of adsorbed molecules. By this simplified model, we derive a scaling of either the reflected or scattered intensity with h 2 . The general formula to account for the intensity signal I in the presence of the adsorbed layer relative to the intensity I0 measured in the absence of the layer is given by:
where the value of the parameter h * corresponds to the layer thickness yielding to I = 2I0 and, therefore, 1/h * represents the sensitivity of the optical response to molecular adsorption. Knowing the value of h*, Equation 1 enables to convert the relative increase of reflected or scattered light intensity I/I0 into the effective thickness h of the adsorbed molecular layer. Remarkably, we show that, despite the different optical mechanism and the different area of the adsorbing interface, the values of h * for the prism sensor and for the micro-porous membrane are substantially identical. 
Prism sensor
Mechanical machining, printing and molding are common approaches for plastic manufacturing, which also apply to perfluorinated polymers. Prisms of Hyflon® AD (Solvay Specialty Polymers, Bollate, Italy) were previously produced by cutting and polishing and exploited for optical biosensing applications [10] . In this study, we used a similar prism without any surface coating or functionalization in order to detect and quantify the spontaneous adsorption of molecules on its planar surface. The prism was inserted in a 1-cm cuvette as show in Figure 1A . When immersed in water, the prism became barely visible. The adsorption of molecules with refractive index different from that of water provided a clear increase of reflected light intensity that was measured by a simple optical set-up, composed by a He-Ne laser and a photodiode. The cuvette hosting the prism also contained a stir bar, which provided the rapid mixing of the solution.
Amphiphilic compounds represent a suitable class of molecules to test the optical response to adsorption. Figure 2A reports the intensity of reflected light measured after the addition in solution of increasing concentrations of the cationic surfactant benzyldimethylstearylammonium chloride monohydrate (SBSAC). The data refer to the equilibrium value of reflectivity measured about 500 s after the addition. A continuous increase of reflectivity was observed until a saturation was reached at high concentration, corresponding to the full coverage of the prism surface.
From the Fresnel formulas for thin film reflection [33] , the measured value of reflectivity can be related to the thickness h of the layer formed by the adsorbed material [10] . For values of h up to dozens of nanometers, the reflected intensity IR scales with h 2 in agreement with Equation 1, where I = IR, and I0 represents the intensity reflected by the bare surface. For small differences between the refractive indices of the solution and the solid material, ns and nm, respectively, the value of h * is given by:
where ̅ = ( + )/2, = | − |, Δ = − ̅, nl is the refractive index of the adsorbing layer, and i is the angle of incidence relative to the surface normal. Compounds with different refractive index nl yield to different values of h* according to Equation 2. For the materials and the geometry exploited in this study and in the case of adsorption of SBSAC on the prism surface, h * = 3.1 nm. Consequently, the saturation value of reflectivity at high concentration reported in Figure  2A corresponds to a thickness hmax of about 3 nm, in agreement with the molecular size of the surfactant, as further discussed below.
Micro-porous membrane
Specifically designed methods are typically required to produce substrates with 3-dimensional microstructures, such as micron-size pores [34] . Here we report for the first time the realization of a micro-porous membrane made by Hyflon® AD, the same perfluorinated material used for the prism. The membrane was produced by non-solvent induced phase separation, as described in Appendix A. In the context of small molecule detection, as in the case of environmental monitoring applications, flow-through systems with high internal surface are expected to enhance the detection signal and the capture efficiency. A SEM image of a membrane with a thickness of about 100 m is reported in Figure 1B . The internal structure was qualitatively similar to that of commercially available membrane filters realized with more conventional materials [35] [36] . Interconnected pores with the size of a few microns were present. The macroscopic optical appearance of the membrane strongly depended on the refractive index of the liquid filling the pores. As shown in Figure 1C , the membrane appeared white when completely dried, rather opaque when soaked with ethanol and transparent in water. The measured turbidity of the membrane in water was as low as 1.2 mm -1 , meaning that more than 90% of the incident photons were not affected by scattering. Figure 2B reports the scattered light intensity measured at an angle of 30° while illuminating the perfluorinated membrane with a diode laser at 532 nm (Coherent Compass 315M-100). The membrane was mounted on a rigid frame and immersed into a 1-cm cuvette. The mixing of the solution was provided by a magnetic stirring bar. The scattering signal increased rapidly after the addition of the surfactant SBSAC to the water solution and reached an equilibrium value in a few seconds. Figure 2B reports such equilibrium values measured about 500 s after the addition. The scattered light intensity increased as a function of the surfactant concentration until reaching a plateau corresponding to the full coverage of the membrane surface.
Optical signal from the micro-porous membrane
We estimated the dependence of the light scattering signal on molecular adsorption by a simple model. We considered the intensity of scattered light for a collection of independent spherical particles with radius R and with refractive index nm close to that of the surrounding solution, ns. In general, the same calculation can be extended to particles of any shape characterized by some effective size 2R. We considered the theoretical framework of the Rayleigh-Gans (RG) approximation [37] , whose validity for nearly index-matching conditions extends to rather large values of R. Following the approach described in [38] , we computed the intensity Is of light scattered by the particles coated with a thin layer with refractive index nl and thickness h << R. In the limit of small values of the thickness h, we obtain:
where C is a constant that depends on the number of particles and on the experimental set-up. The function ℱ is given by
where V is the particle volume, k is the scattering vector and r is the vector indicating the position in space of the volume dV. In the limit of small particles (kR << 1), ℱ = V up to a phase factor and the behavior previously observed for nanoparticles iso-refractive to water is recovered [13] . In this case, the light scattering increment Is/I0 relative to the intensity scattered by the bare particles is also described by Equation 1 with I = Is, assuming an even distribution of solid particles in solution and solution droplets embedded in the solid matrix, in order to account for the presence of convex and concave surface regions, respectively. Accordingly, for small spherical particles, the value of the parameter h * is given by:
As expected, smaller particles provide a higher relative increment of scattered light due to the coating layer, and the sensitivity scales linearly with the radius R [13] . A different scenario is expected for large particles (kR >> 1). However, a unifying model enabling to compare the optical response of a scattering system with that of the reflective surface was missing. Remarkably, we found that the simple RG framework is suitable to perform this evaluation. We considered a system of large particles and computed the average intensity of scattered light over a distribution of R with width R. We assumed a polydispersity of sizes such that kR >> 1. This enabled to neglect the linear term < ℱ ℱ > obtained from Equation 3 , because ℱ and ℱ are both oscillating quantities as a function of R and they are in quadrature of phase, so the mean value of their product is equal to zero. Accordingly, a dependence of Is on h 2 is recovered and the relative increment of scattered light due to the coating layer is given in general by:
In the limit of large particles and large polydispersity, the ratio between the two averaged quantities is simply equal to the squared modulus of the scattering vector, k 2 , as it can be easily demonstrated in the case of spherical particles. Accordingly, in the condition of large particles, the description provided by Equation 1 still holds and the corresponding value of h * is given by a surprisingly simple equation:
where the modulus of the scattering vector is given by k = 4nssin(s/2)/, and s is the angle formed between the scattered and incident ray. For the materials and the set-up geometry employed in this study, in the case of adsorption of SBSAC on the membrane surface, h * = 3.4 nm. Accordingly, the saturation value at high concentration reported in Figure 2B corresponds to a thickness hmax of about 2.7 nm. Remarkably, this value is very similar to that obtained with the prism sensor for the same surfactant.
Comparison of the optical response of reflective and scattering materials
The simplified models developed here enable to evaluate the expected response of different material iso-refractive to water by comparing the values of h * , as defined in Equations 2, 5 and 7. As anticipated, the scattering systems can ideally yield higher sensitivity for smaller size of the particles (Equation 5). However, upon increasing the particle size, the parameter h * reaches the value for large particles when R is still significantly smaller than . Comparing Equations 5 and 7, in the case of back scattering (s = ), the value of h * for large spherical particles is reached for R = 3/(4ns), which, considering the parameters employed in this study, approximately corresponds to values as low as 100 nm. In order to compare the sensitivity of the prism sensor and the membrane system, a common notation is needed to indicate the direction of the reflected or scattered ray. In the case of the reflective system, the angle of incidence i relative to the surface normal can be written in terms of the scattering angle s as s/2. Remarkably, the value of h * defined in Equation 7 is nearly identical to that of the reflective surface reported in Equation 2, when a common angle s is considered. Moreover, the dependence on nl is also similar: in both equations 1/h* roughly scales with nl -ns with a small quadratic correction. Therefore, despite the different optical signal and surface area, the detections based on prism reflectivity and membrane scattering are expected to present a similar dependence on the amount of adsorbing material, at least for membranes with large enough internal structures, as the one considered here ( Figure 1B) . Indeed, this was experimentally confirmed by the similar saturation values of IR/I0 and IS/I0 at high amounts of surfactants reported in Figure 2A and 2B, respectively. Moreover, as anticipated, considering the values of h * , the obtained thickness hmax of the adsorbed molecular layer was similar in the two cases, being about 3 nm for both systems.
III. CHARACTERIZATION OF MOLECULAR ADSORPTION
In the following, we introduce a simple adsorption model, which relates the optical response of the prism and membrane systems to the amount of adsorbing molecules added in solution. Here we consider the equilibrium behavior of adsorption. We show that the response of the membrane is primarily ascribed to the large interfacial area, whereas the adsorption on the prism sensor also depends on the strength of the interaction with the surface.
Adsorption model
As shown in Figure 2A and 2B, a saturation of the adsorption signal at high concentration of surfactants was observed for both prism and membrane. However, the saturation intensity Imax was reached at much higher concentrations in the case of the membrane. This difference can be ascribed to the different area of the adsorbing interface, which is much larger in the case of the membrane. This also implies that, at least for the membrane, the dependence of the adsorption signal on the surfactant concentration is dominated by the limited amount of molecules relative to the available adsorption sites. To further investigate this hypothesis, we also performed experiments on SBSAC adsorption increasing the total amount of molecules in solution at fixed concentration. As shown in the insets of Figure 2A and 2B, a signal increase and a saturation were observed also in these experiments, for both the prism and the membrane. This behavior indicates the presence of a large total area available for adsorption with a high affinity for the surfactant, as further discussed in the following.
The theoretical framework for the investigation of the adsorption process was provided by the Langmuir model, arguably the simplest adsorption model, which is based on the assumption of independent binding events onto the surface [39] . Remarkably, this approach was found to well represent the observed behavior despite the possible complexity involving the formation of an adsorbed molecular layer at the solid-liquid interface [23] . The agreement of the extracted value of hmax with the molecular size suggests the formation of a molecular monolayer on the surface. This enabled to model the adsorbing interface as a two-dimensional collection of binding sites and to address the fraction of occupied sites C0) as a function of the concentration C0 of molecules added in cuvette. The value of C0) can be obtained from the thickness h of the adsorbed layer as (C0) = h(C0) / hmax, which combined with Equation 1 gives
Relevant parameters of the adsorption model are the kinetic constants for adsorption, kon, and desorption, koff, as well as their ratio Kd = koff / kon, which is the equilibrium constant for desorption. Another important parameter is represented by the total amount of binding sites Ns, which provides the maximum molar quantity of analyte molecules removed from the solution and adsorbed onto the available surface at saturation. In general, large enough values of Ns are expected to affect both the equilibrium and the kinetic parameters, since the concentration of analyte in solution may decrease significantly during the adsorption process, yielding mass limitation effects. In this frame, the concentration C of analyte available in solution is given by
where V is the volume of the liquid phase and thus the term / represents the concentration of adsorption sites in the cuvette and / represents the concentration of molecules adsorbed onto the available surface. Since the adsorption process is substantially governed by the concentration C of available analytes in solution, according to Equation 9 a similar signal could, in principle, be generated by changing either the concentration C0 in cuvette or the sample volume V at some fixed concentration. As anticipated, this behavior was indeed observed for the experimental conditions here employed, as shown in the insets of Figure 2A and 2B. Importantly, the prism set-up enabled to minimize the mass limitation effects through the accessibility of lower values of / relative to the membrane system. Nevertheless, the correction of Equation 9 was considered for both materials to properly extract the adsorption parameters. According to the Langmuir model, and considering Equation 9 , the progress of  with time after a change of C0 or V is given by
In the following we address the equilibrium behavior of Equation 10 . The time-dependent behavior will be discussed in Section V for different molecules.
Equilibrium response of prism and membrane to the amount of adsorbing molecules
Solving Equation 10 for d/dt = 0 provides the fraction of occupied binding sites at equilibrium, eq, for a particular concentration C0 and for a total amount of molecules C0V. The analytical form of eq is given by:
This equation enables to extract the concentration C1/2 at which half of the binding sites are occupied:
According to Equation 12 , both parameters Kd and Ns must be considered in order to account for the experimental behavior of eqC0) [40] . The values of these parameters were obtained from the concomitant fit of the data of eq as a function of C0 and V by Equation 11 . Figure 2A , 2B and their insets report the curves fitting the data of reflected and scattered intensity, respectively. In the case of the prism sensor, the two sets of data enabled the extraction of both parameters. The Kd obtained for SBSAC on the prism surface was 165 nM and the corresponding amount of binding sites NS was 2.17 nmol. In the case of the membrane, the value of Kd was assumed to be the same of the prism and the value of NS extracted from the fit was about 0.88 mol, that corresponds to an available area for adsorption about 400 times larger than that of the prism surface. This value is consistent with the inner surface area obtained from flow resistance measurements performed on commercially available membranes with similar characteristics [41] . Therefore, the membrane system requires larger amount of surfactants to provide the same relative increase of optical signal observed with the prism, because of the larger adsorbing interface. Nevertheless, for applications where the amount of sample is not a relevant limitation, the membrane sensor can still provide practical advantages by enabling a unique combination of filtering and detection capabilities, which can facilitate the development of analytical systems for on-line detection of adsorbing compounds.
IV. STRENGHT OF ADSORPTION FOR DIFFERENT MOLECULES
In this section, we compare the behavior of adsorption at equilibrium on the prism sensor for different classes of molecules. We repeat the analysis with the adsorption model introduced in the previous section on different surfactants, a protein and a small hydrophobic molecule. We discuss the thickness of the adsorbing layer and the equilibrium constant for adsorption extracted for the different molecules. We show that the adsorption strength scales with the hydrophobic portion of the molecular contact area on the sensor surface.
Equilibrium constant for adsorption
The analysis reported above shows that the planar surface of the prism enables a more comprehensive characterization of the parameters affecting the spontaneous adsorption of molecules relative to the micro-porous membrane. Indeed, according to Equation 12 and as confirmed by the experiments, in the case of the membrane the response to surfactant concentration is ascribed to the large inner surface, whereas, the adsorption on the smaller prism surface depends on the equilibrium constant. Moreover, as it will be discussed in Section V below, the prism also facilitates the kinetic modeling of the molecular transport from the bulk solution onto the surface and vice versa. Therefore, we exploited the prism format to investigate the interaction between different kinds of molecules bearing hydrophobic moieties and the bare surface of the perfluorinated material used to fabricate both the prism and the membrane.
Molecular compounds with refractive index as low as that of water are rare. Therefore, a very large variety of molecules could yield an optical signal upon adsorption on the prism sensor. In order to compare the adsorption of different classes of molecules, we studied three surfactants, the protein lysozyme, and hexane, which is a paraffin that represents an important constituent of gasoline. The chosen surfactants had different net charge and molecular structure. In addition to the cationic surfactant SBSAC, we investigated the anionic sodium dodecyl sulfate (SDS) and the nonionic polysorbate 20 (Tween 20) (Sigma Aldrich). The physicochemical characteristics of these molecules are reported in Table 1 . The experiments were performed either in deionized water (MilliQ®) or using a buffer composition resembling the salinity of a river water (0.049 mM magnesium chloride, 0.09 mM calcium chloride, 1 mM phosphate buffer, 0.27 mM potassium chloride and 13.7 mM sodium chloride). All the concentrations investigated in this study were well below the expected CMC of the surfactants (Table 1) .
Similarly to the study performed on SBSAC, the saturation values of h extracted about 500 s after the addition of the analyte in cuvette provided a measurement of the equilibrium thickness of the adsorbed layer heq, reached for a particular concentration C0 and for a total amount of molecules C0V. Figure 3A and inset report the values of heq(C0,V) for the different molecules considered. By increasing the concentration C0 or the volume V at fixed concentration, a saturation of the adsorption was generally observed. Remarkably, the different classes of molecules displayed very different behaviors. The protein lysozyme displayed a response at concentrations much smaller than surfactants, whereas hexane provided a detectable signal at much higher concentrations.
For each molecule, the adsorption curve as a function of C0 and V were concomitantly fitted using Equation 11 and the parameters Kd, Ns and hmax were obtained. The results are reported in Table 2 . In particular, the obtained Kd values are in agreement with the typical equilibrium constants reported for similar surfactants adsorbing on solid surfaces [42] . The behaviors of the cationic and non-ionic surfactants were very similar. Surprisingly, also the anionic surfactant in saline buffer presented values of Kd and Ns similar to the other surfactants, despite the lower thickness hmax at saturation. These results suggest that the intrinsic affinity of surfactants for the perfluorinated surface does not depend directly on the net-charge of the hydrophilic head, at least in saline buffer. Additionally, the results indicate that, in general, different molecular structures can yield to very similar interaction with the surface. On the other hand, lysozyme and hexane displayed very different affinities and numbers of binding sites on the surface: the values of Kd and Ns were order of magnitudes different from those of surfactants. In particular, the protein had a higher affinity (lower value of Kd) and fewer binding sites, whereas hexane had a lower affinity and many more adsorption sites. In all cases, it was found that Ns/V > Kd, hence confirming that the adsorption process was affected by mass limitation. 
Thickness of the adsorbed molecular layer
The different molecular classes here investigated showed different increments of reflected intensity at saturation Imax/I0, as reported in Table 2 . Remarkably, similarly to SBSAC, for all the studied surfactants and the protein the corresponding values of hmax were in agreement with the sizes of the molecules (Table 2 ) [43] estimated by molecular modeling (ChemBioDraw 3D). This indicated the formation of a molecular monolayer at the perfluoropolymer-water interface. For surfactants, the thickness of the adsorption layer also indicated a rather oriented structure of the amphiphilic molecules, which substantially stood on the surface, facing the hydrophobic group toward the plastic material. This interpretation is coherent to other experimental observations of surfactant adsorptions on hydrophobic surfaces made by different techniques for concentrations below the CMC [44] [45] . The anionic SDS represented an exception because the value of hmax lower than the molecular size indicated a lower degree of packing relative to the other surfactants. The observed behavior of hexane was different from those of the other molecules: the maximum thickness extrapolated at high concentrations was not compatible with a single molecular layer. In this case, the process could be more rigorously described by a multi-layer adsorption model [46] . Therefore, for hexane the value of Kd extracted with the Langmuir model represents an upper limit and the thickness of the corresponding monolayer of hexane is derived from the expected geometric packing ( Table 2) .
Scaling of the adsorption strength with the molecular contact area
A useful parameter to interpret the different values of adsorption affinities is represented by the contact area per molecule Amol on the surface. In general, stronger interactions are expected for higher numbers of surface interacting sites per molecule. For instance, it has been observed that larger proteins tend to stick to various kinds of surfaces, whereas smaller ones only adsorbs on interfaces with lower wettability [47] . For the studied molecules, the values of Amol was obtained as Amol = Vmol / hmax, where Vmol is the molecular volume estimated either as the molecular mass divided by the density or from the molecular structure. Remarkably, despite the different net charge and geometry, the obtained contact area was similar for all the considered surfactants, being in the range 0.7-1.0 nm 2 . This result is in agreement with the maximum packing obtained from geometrical constraints that was estimated to be in the range 0.8-1.2 nm 2 . As expected, the surface contact areas for lysozyme and hexane were very different from those of surfactants. A value of 7.75 nm 2 was obtained from the adsorption of the protein. This is consistent with the expected packing of the folded molecule onto the surface. Differently, the average contact area per hexane molecule was found to be 0.06 nm 2 , significantly smaller than the estimated geometrical packing of 0.31 nm 2 , in agreement with the hypothesis of the formation of a molecular multi-layer onto the surface, as also derived from the analysis of the thickness of the adsorbed layer.
The experimental observations indicated that the equilibrium constant for adsorption/desorption on the perfluorinated surface does not depend on the net charge of surfactants and depends instead on the class of the molecule (i.e. paraffin vs surfactant vs protein). On the basis of these results, we tested the consistency of a simple model for molecular adsorption on the perfluorinated surface. We assumed that only the hydrophobic moieties of the molecules adhere to the surface and that all the hydrophobic interactions have the same strength per unit surface. With these assumptions, a linear scaling of the binding free energy with the hydrophobic portion Ah of the molecular contact area Amol is expected. In the case of hexane and all the surfactants, the measured contact area Amol was all ascribed to hydrophobic moieties, therefore Ah = Amol. Differently, only a fraction of the amino acids composing the protein lysozyme could be considered hydrophobic. Accordingly, in this case we assumed Ah = fh·Amol, where fh = 0.28 was obtained as the fraction of hydrophobic residues (W, F, Y, L, I, C, M) over the entire protein sequence [48] . Figure 3B reports the measured value of the equilibrium constant for adsorption 1/Kd as a function of Ah. Remarkably, despite the diversity of the molecules, a scaling of log(1/Kd) with Ah was observed. From this dependence, we derived a free energy increment for molecular adsorption of about -1.83 kcal mol -1 nm -2 . This value is in agreement with the adsorption free energy per hydrocarbon unit reported in previous works, which typically is in the range 0.2-0.6 kcal mol -1 [49] [50] [42] . Moreover, the estimated adsorption strength is coherent with the reported free energy of hydrophobic interactions among amino acids [51] . Overall, these observations are in agreement with the hypothesis of a relevant contribution of the hydrophobic contact area to the adsorption free energy on the perfluorinated surface and suggest the validity of this approach to predict the surface binding affinity from the molecular size and structure.
V. KINETICS OF TRANSPORT AND ADSORPTION
In this section, we report the measured adsorption kinetics for the different molecular compounds addressed in the previous section. We analyze the data using the time-dependent Langmuir model for adsorption introduced in section III, which accounts for mass limitation effects. Additionally, we consider the effect of transport limitation on the observed kinetics and propose a suitable model, which relates the adsorption kinetics to a transport parameter that ultimately depends on the molecular size.
Observed adsorption kinetics
The label-free detection based on the prism set-up also enabled direct access to the adsorption kinetics. The adsorption formula reported in Equation 10 provides the time behavior of (t). The general analytic form of (t) is a hyperbolic tangent, which, in practice, differs only slightly from a single exponential behavior for all the conditions of interest in this study. This is because the coefficient of the term linear in φ is always larger than that of the quadratic one. Therefore, fitting the experimental adsorption curves with single exponential functions practically represents a good approximation and provides a robust approach to extract the kinetics parameter of the process. Figure 4A reports the thickness increment h(t) = h(t) -h(0) measured on the prism after a change of SBSAC concentration in cuvette at t = 0. The adsorption of SBSAC reached an equilibrium within a few minutes after the addition of surfactant. The observed kinetics became faster at higher concentrations. The growth h was well fitted by single exponential curves, as expected. Notably, also the adsorption curves measured after a change of volume were well fitted by single exponential functions, as shown in Figure 4B .
We extracted the characteristic rate for adsorption (C0,V) for the different molecular compounds considered in Section IV. The rates measured as a function of the concentration C0 are plotted in Figure 5A . Generally, the rate increased with the concentration of analyte, in agreement with the Langmuir model of Equation 10 . The data points can be grouped in three classes corresponding to the three kinds of molecules. All surfactants had rather similar kinetics, coherently with the results obtained from the equilibrium analysis. The protein also showed a behavior at low concentrations similar to that of surfactants, whereas the kinetics at high concentrations became much faster. On the contrary, the hexane data indicated a much slower adsorption kinetics. In general, the observed rates were in agreement with other studies on the kinetic of surfactant adsorption performed below the CMC [45] [52] . The inset of Figure 5A reports the rates as a function of the sample volume in cuvette at constant concentration. In agreement with Equation 10, the observed decrease of (V) was ascribed to the effect of mass limitation, as further discussed below. 
Kinetic model for adsorption
In order to compare the measured adsorption rates with those predicted by the model, we calculated effective adsorption rates from Equation 10. We considered the initial, linear growth of adsorption after a concentration or volume increase. In the case of an exponential growth with amplitude eq and rate , the initial slope is given by the product eq. On the other hand, according to Equation 10 , the initial slope of (t) is always equal to konC0. Accordingly, we modeled the rate of adsorption as = 0 (13) where eq is given by Equation 11. In the case of negligible mass limitation, that is for Ns/V << Kd, the rates are described by the simple analytical form  = konC0 + koff. More generally, the expression of  becomes simple for very small and very large values of the analyte concentration C0 relatively to C1/2, and for C0 = C1/2. In these limits,  = kon(Ns/V) + koff,  = konC0, and  = kon(Ns/V) + 2koff, respectively. Therefore, the mass limitation effect tends to increase the observed rate through the term kon(Ns/V). Importantly, for sufficiently large analyte concentrations, the adsorption rate is always given by konC0, and, therefore, it is not affected by mass limitation. This allowed to directly extract the apparent kinetic constant for adsorption kon from the slope of the rate (C0) measured for the largest concentrations.
In practice, the data reported in Figure 5A were fitted using Equation 13 , constraining the values of Ns and Kd = koff/kon to those previously extracted from the study of the equilibrium data ( Table 2) . In this way, only one free parameter (either kon or koff) was determined by the fit. The obtained fitting curves are reported in Figure 5A and inset, and the values of kon and koff are reported in Table   2 . As expected from the visual inspection of the behavior of (C0), the desorption kinetic constant koff was rather similar for the three surfactants and the protein, whereas the kinetic constant for adsorption was larger for the protein. Both kinetic constants extrapolated for hexane were much lower than those of the other molecules. 
Effect of transport limitation
In analogy to the case of ligand-receptor binding, the observed adsorption and desorption process could be affected by the limited transport of analyte molecules from the bulk solution to the sensing surface. This condition occurs when the mixing of molecules in the proximity of the surface is not fast enough in comparison to the intrinsic kinetics for molecular binding, hence leading to smaller values of the measured kinetic rates. An extensive description of transport limitation phenomena in surface binding processes is provided in [53] . Processes characterized by faster binding kinetics in general are more affected by such transport limitation effect. Importantly, the adsorption kinetics measured in this study were much faster than those typically observed for specific antibody-antigen binding performed with a similar measuring system [10] . Additionally, in the case of adsorption, the transport contribution may play a non-negligible role even for very high flow rates, because of the high densities of binding sites on the surface [53] . This is, in fact, an inevitable condition for nonspecific adsorption processes. In the experimental set-up employed here, the use of a magnetic stirring bar provided the advantage of a rather efficient mixing of a relatively large volume of solution, approaching the turbulent regime at the highest stirring rates. Nevertheless, extremely large, and substantially impractical flow rates or stirring speeds may be required to reduce the effect of transport limitations in the case of large densities of surface binding sites. Therefore, transport phenomena were expected to play a role in the observed adsorption kinetics. Indeed, an indication of the relevance of the transport limitation was given by the dependence of the observed adsorption kinetics on the stirring speed. As shown in the inset of Figure 5B , the measured adsorption rates of hexane was almost insensitive to the rotational speed of the stirrer, whereas those of SBSAC surfactant and lysozyme strongly depended on it. This indicated a more relevant contribution of transport limitation for the surfactants and the protein.
Dependence of the observed adsorption kinetics on the molecular size
In the case of kinetics affected by transport limitation, a rather thick layer of fluid in contact with the adsorbing interface experiences a lower concentration of analyte relative to the bulk solution. In this condition, the measured rate is limited by the diffusion time across such depletion layer. Accordingly, the value of the measured kinetic constants kon and koff are lower than those of the intrinsic kinetic constants k i on and k i off, which depend only on the interactions between the analyte molecules and the surface. In particular, considering the effects of transport due to the sample flow and diffusion across the depletion layer, it can be demonstrated (see Appendix B) that the apparent rate kon observed for C0 >> C1/2 must be in the range < kon < k i on, where the transport-limited rate is given by
and D and bm are the diffusion coefficient of the molecule and the surface density of adsorption sites, respectively. The parameter F contains all the terms that depend on the cell geometry and flow, and not on the properties of the adsorbing molecule. Its value is given by = (⁄ ) 1 
where L is the length of the adsorption area of the sensor along the flow direction and ̇ is the derivative of the flux along the surface normal. Similar equations for the transport-limited rate are often encountered in studies concerning sensors in micro-fluidic cell formats [54] [55]. Here we extend the model to the cuvette-based cell and focus on the parameters D and bm that depend on the specific adsorbing molecule. Figure 5B reports the measured values of kon as a function of D 2/3 /bm. The dashed line indicates the expected scaling for a fully transport-limited case, assuming a thickness of the depletion layer of 20 m. This represents an upper limit for the value of , obtained assuming that kon = and that bm equals the reciprocal of the molecular contact area onto the surface, 1/Amol. In practice, this is the largest value of  in agreement with the measured values of kon for all the surfactants and the lysozyme. Indeed, Figure 5B shows that the kinetic rates for adsorption measured for the surfactants and the protein were consistent with the dependence indicated in Equation 14 , whereas hexane did not follow the same scaling. Consequently, the measured kinetics of the surfactants and the protein were consistent with a fully transport-limited regime. Differently, the slower adsorption rates of hexane indicated that transport was not the limiting process in this case, and the observed kon can be ascribed to the molecule-surface interaction.
Remarkably, the scaling indicated by Equation 14 provided a tool to quantitatively discriminate among the adsorption kinetics of different molecules. In fact, both terms D and bm scales with the size of the analyte, either through its hydrodynamic radius or the contact area onto the sensing surface, respectively. As reported above, the strength of the adsorption interaction at equilibrium was found to scale with the hydrophobic contact area of the molecule. Here we linked the observed transport-limited kinetics to other parameters derived from the molecular size. Overall, the analysis of the adsorption kinetics, in combination with that on the equilibrium discussed in section IV, indicated that the measurement of the spontaneous adsorption on the Hyflon® AD surfaces enables to detect the presence of different classes of molecules in solution and to discriminate them on the basis of their size and hydrophobicity.
VI. CONCLUSIONS
The work presented here provides a threefold advancement in the development of novel labelfree, optical detection systems based on fluorinated materials index-matched with water: (i) We demonstrated the production of a new class of perfluorinated materials in the form of micro-porous membrane; (ii) We developed an analytical model to account for the optical response upon adsorption of different index-matched materials finding a surprisingly simple similarity between the sensitivity of the reflectance-and scattering-based systems; (iii) By means of experimental characterization and modeling of the adsorption of different molecular compounds on a planar surface, we identified main molecular features affecting the selectivity of the adsorption process.
Remarkably, the adsorption behaviors for different surfactants, a protein and an oil were very different. In contrast, all the studied surfactants displayed a similar behavior, despite the different net charge and structure. The molecular size and the molecular area in contact with the surface upon adsorption were identified as relevant parameters, through different specific mechanisms:  the optical response scaled with the squared molecular size affecting the thickness of the adsorption layer;  the strength of the adsorption interaction at equilibrium was found to scale with the molecular hydrophobic contact area on the perfluorinated surface;  for the fastest adsorption kinetics, where the transport phenomena became the limiting effect, the observed adsorption rate scaled with the molecular contact area times D 2/3 , where, in general, the diffusion coefficient D scales with the reciprocal molecular size.
These results indicate that, if properly controlled and tuned, the spontaneous adsorption on perfluorinated materials index-matched with water enables the selective detection of different molecular compounds. The selectivity is achieved considering the amplitudes and kinetics of the optical response, possibly at different dilutions. Accordingly, even molecular classes with similar refractive index, as in the case of proteins and surfactants, can be identified through the analysis of the adsorption curves. This provides the basis to design a new class of optical sensors combining sensitivity, robustness, reusability and reduced instrumental complexity. These features are constantly sought for different applications and, in particular, for deployable, on line detection systems for environmental monitoring. As an example, a water basin could be autonomously screened using the optical detection method here presented, and when the response is above a predefined threshold, suitable amounts of sample can be collected and stored for more specific, labbased analysis. In this way, the label-free detection based on fluorinated plastics can effectively complement and improve the current analytical approaches for continuous environmental monitoring.
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APPENDIX A. PRODUCTION OF MICRO-POROUS MEMBRANES
The membranes of Hyflon® AD40 (Solvay Specialty Polymers, Italy) were realized by NonSolvent Induced Phase Separation method [56] . We dissolved 7.5 g of the perfluorinated polymer into 30 mL of methoxyperfluorobutane, HFE 7100 (3M-Novec) and 2.5 g of cyclohexanone (Sigma-Aldrich). This solution was used to realize a 250 m film by casting on a glass plate cooled with dry ice. The plate was then immediately placed into a coagulation bath composed by a 1:1 mixture of acetone and ethanol for 10 minutes. Then, the plate was immersed in a bath of ethanol for others 10 minutes to extract the residual solvent. We stored the samples in a 30%-70% mixture of ethanol and water. We obtained membranes with a thickness of 80-100 m and porosity of 60%-70%. The thermo-gravimetric analysis revealed only 1% wt of residual solvent in the membranes. The cross-section SEM image (Figure1.B) was taken after breaking the sample in liquid nitrogen, without any kind of metallization. Before the optical measurements, we washed the membrane with MilliQ water several times and then we soaked it for 15 hours with water. Finally, we degassed the sample for 10 minutes to remove the air bubbles.
The refractive index of the membrane was obtained as the extrapolated minimum of scattered light as a function of the refractive index of the solvent. The membranes were soaked in different mixtures of water and ethanol, whose refractive index were measured by an Abbe refractometer. The measurements gave a membrane refractive index of n = 1.3309 ±0.0002.
APPENDIX B. TRANSPORT-LIMITED ADSORPTION KINETICS
In general, binding or adsorption processes are characterized by intrinsic kinetic constants k i on and k i off that depend on the interactions between the analyte molecules and the surface. Only in the case of fast enough transport of molecules (i.e., fast flow and mixing near the surface), k i on and k i off are equal to the observed kinetic constants kon and koff, respectively. More generally, the transport process may somewhat affect both the observed kinetic constants kon and koff in the same way. The condition of transport limitation involves the presence of a layer of fluid on the surface with a transiently lower concentration of analyte relative to the bulk solution. The measured rate is affected by the diffusion across such depletion layer. The thickness  of the depletion zone depends on the flux close to the surface, on the geometry of the measuring cell and on the free diffusion of the studied molecule. The value of can be estimated as [53] :
where L is the length of the adsorption area of the sensor along the flow direction, ̇ is the derivative of the flux along the surface normal and D is the diffusion coefficient of the molecule. In general, transport limitation is more relevant for larger values of . However, according to Equation 15 ,  scales only with the cube root of the flow parameter .
A common approach to compute the effect of transport on the observable kinetic rates is to consider two regions (i.e., two compartments) with different concentrations of analyte: the depletion layer and the rest of the sample volume. The two compartments have two spatially uniform concentrations, Cd(t) and Cbulk(t), respectively [57] . Using this approximation, the adsorption process was still modeled by Equation 10 with the substitution C0 = Cd, and with the value of Cd provided by the diffusive equilibrium between the two compartments. Considering an initial condition without analyte molecules in cuvette and a sudden increase of concentration from zero to 
In the case of pronounced transport limitation (Da >> 1) and for C0 >> C1/2, from the above definition of Da we derived that = 0 , where
represents the transport-limited rate for adsorption. Accordingly, the value of the apparent kinetic constant for binding kon must be in the range < kon < k i on.
In order to investigate the dependence of the observed adsorption kinetics on the molecular properties, we focused on the limiting case of a fully transport-limited process. Substituting the expression of  given in Eq. 15 into Eq. 17, the terms that depend on the cell geometry and flow and not on the properties of the molecular analyte were grouped in the parameter = (⁄ ) 1 3 ⁄ , thus leading to Equation 14. 
